The basidiomycetous fungus Pseudozyma flocculosa represents a promising new host for the expression of complex recombinant proteins. Two novel heterologous promoter sequences, the Ustilago maydis glyceraldehyde-3-phosphate dehydrogenase (GPD) and Pseudozyma tsukubaensis -glucosidase promoters, were tested for their ability to provide expression in P. flocculosa. In liquid medium, these two promoters produced lower levels of intracellular green fluorescent protein (GFP) as compared to the U. maydis hsp70 promoter. However, GPD and -glucosidase sequences behaved as constitutive promoters whereas the hsp70 promoter appeared to be morphology-dependent. When using the hsp70 promoter, the expression of GFP increased proportionally to the concentration of hygromycin in the culture medium, indicating possible induction of the promoter by the antibiotic. Optimal solid-state culture conditions were designed for high throughput screening of hygromycin-resistant transformants with the hsp70 promoter in P. flocculosa.
The basidiomycetous yeast-like fungi Pseudozyma spp. and P. flocculosa (Traquair, Shaw and Jarvis) Boekhout and Traquair in particular, have been reported to be amenable to recombinant protein production, and they possess several attributes that make them attractive hosts for such an endeavor. 1) For instance, P. flocculosa displays both a yeastlike (conidial) and a filamentous (pseudomycelial) morphology, and it belongs to the most evolved class of fungi, the basidiomycetes. 2) It can be genetically manipulated easily, 3) and it has readily expressed two active animal proteins without codon optimization. 1) These results, combined with low levels of secreted proteases, no hypermannosylation of secreted native proteins, and high biomass production in liquid culture, have made Pseudozyma spp. a potentially versatile expression system for recombinant protein production, but very little information is available concerning molecular tools and promoter sequences that might be useful in the expression of heterologous proteins in this host.
Originally, the heat shock protein 70 (hsp70) promoter from Ustilago maydis (DeCandolle) Corda was the only known functional promoter in P. flocculosa, its efficiency having been confirmed by expression of the hygromycin phosphotransferase (hph) gene, 3) the green fluorescent protein (GFP), and the hen egg white lysozyme. 1) The hsp70 promoter has also been used, in conjunction with the hph gene, as a sequence driving the selection of insertional mutants in P. flocculosa, 4) and with the GFP gene to study metabolic pathways and pathogenesis in U. maydis. 5) In more recent work, Neveu et al. 6, 7) cloned two novel endogenous promoter sequences from P. flocculosa. These sequences promoters drove the expression of the GFP gene at levels that are promising for use in a gene expression system for the production of recombinant proteins. However, for applications of basic genetic studies of the recently characterized Pseudozyma genus, and to ensure flexibility and reliability in a recombinant protein production platform, new promoter sequences, including heterologous sequences, with unique characteristics would be useful. For example, although homologous promoter sequences often provide the highest level of expression of recombinant genes, 6) there are reports that these promoters can lead to transcriptional gene silencing (TGS). 8, 9) TGS can thus limit recombinant protein expression as well as the number and/or viability of transformants, particularly when the promoters used are from genes that are essential to cell viability. Heterologous promoters with high expression levels or particular traits might be useful in circumventing this problem.
In addition to the U. maydis hsp70 promoter, other common promoter sequences from different fungi were also tested in P. flocculosa, but they failed to provide recombinant protein expression. 3) Since those promoters were from ascomycete fungi, such as yeasts and molds, it is assumed that their phylogenetic distance explained the lack of expression in the basidiomycetous P. flocculosa. In an effort to obtain additional regulatory sequences to drive the expression of recombinant proteins in Pseudozyma spp., two promoters from basidiomycetes were selected and tested in P. flocculosa: the glyceraldehyde-3-phosphate dehydrogenase (GPD) promoter from U. maydis, and the -glucosidase promoter from Pseudozyma tsukubaensis (Onishi) Boekhout. GPD is one of the key enzymes in the glycolytic pathway, and the GPD-encoding genes are expressed constitutively and at high levels in many eukaryotic microorganisms. 10, 11) The promoter sequences of native GPDencoding genes have proven useful for efficient expression of heterologous genes in several yeasts and fungi. 10, [12] [13] [14] [15] In the case of -glucosidase from P. tsukubaensis, the gene with its native promoter region has been efficiently expressed in Saccharomyces cerevisiae, 16) demonstrating the expression ability of theglucosidase promoter in different species.
In the particular case of the hsp70 promoter from U. maydis, Neveu et al. 6, 7) hypothesized that this promoter might be inducible by hygromycin, although formal characterization was not provided. Other features of P. flocculosa also appeared to influence gene expression by the hsp70 promoter. 1) For example, the log phase (exponential growth) is considered as the most active in terms of gene expression with this particular promoter. Contrary to what is generally recognized in yeasts (e.g., Saccharomyces spp. and Pichia spp.) and in other species of Pseudozyma (P. antarctica, in particular), P. flocculosa does not present a typical yeast morphology in liquid culture. Rather, the morphological changes in liquid media are inoculation with the conidial stage followed by development of a mycelial stage in the log phase, which may or may not revert back to conidia in the early stationary phase.
In an attempt to gain supplementary molecular tools for efficient recombinant protein expression and for basic studies of P. flocculosa, we tested promoters from the same order (Ustilaginales; GPD from U. maydis) and the same genus (-glucosidase from P. tsukubaensis) transcriptionally fused with GFP as the reporter gene. Characterization of the inducible nature of the hsp70 promoter from U. maydis and the usefulness of this promoter in heterologous protein expression in P. flocculosa were also addressed.
Materials and Methods
Fungal material. Pseudozyma flocculosa (DAOM 196992), P. tsukubaensis (CBS 422.96), and U. maydis (CBS 132.08) were used throughout this study. A P. flocculosa transformant, named SG343, containing a plasmid (pCPF.GFP) with the GFP gene under the control of the U. maydis hsp70 promoter, was selected for characterization of hsp70 promoter expression in liquid and solid cultures, and has been described previously. 1) All strains were maintained on potato dextrose agar at 4 C.
Promoter isolation and plasmid construction. Fungal genomic DNA was isolated from 3-d-old cultures of U. maydis or P. tsukubaensis in potato dextrose broth using the Genomic-tip 20/G kit (Qiagen, Mississauga, Canada). The GPD promoter from U. maydis was obtained by amplifying genomic DNA using a forward primer (5 0 -GCCTCGAGAGATCTTGCTGATAGGCA-GGTTT-3 0 ) and a reverse primer (5 0 -GCGGCGCCTA-TGGAAGAGTGTTTTGGTTT-3 0 ), resulting in a 590bp fragment with XhoI and NarI restriction sites (underlined). Following digestion with XhoI and NarI, the fragment was ligated with a 4.8-kb fragment, which was obtained by digesting plasmid pCPF.GFP containing the sGFP(S65T) gene 1) with XhoI and ClaI to replace the hsp70 promoter in this plasmid. The resulting plasmid, pGFP.gpd, comprising the GPD promoter from U. maydis, the GFP coding region, and the hsp70 terminator from U. maydis, was designed for use in co-transformation experiments in P. flocculosa with plasmid pSceI-hyg (provided by Dr. J. Kronstad, University of British Columbia, Canada), which harbored a selectable marker cassette.
Similarly, the -glucosidase promoter from P. tsukubaensis was amplified from genomic DNA using a forward primer (5 0 -TTGGTACCTCCCCTGCTTAGC-TTCTCTC-3 0 ) and a reverse primer (5 0 -CCATCGAT-TTTTGGGGGAAGGAAGCCTT-3 0 ), resulting in a 183-bp fragment with KpnI and ClaI restriction sites (underlined). Following digestion with KpnI and ClaI, the fragment was ligated with a 7.8-kb fragment, which was obtained by digesting plasmid pSPF.GFP 1) with the same enzymes to produce plasmid p-glu.GFP.hsp. Since this plasmid contained both the expression cassette (-glucosidase pro::GFP::hsp70ter) and the selectable marker cassette, it was used in single plasmid transformation of P. flocculosa.
Fungal transformation. Protoplasts of P. flocculosa were prepared according to the method described by Cheng and Bélanger. 17) The transformation of P. flocculosa was performed as described by Cheng et al., 3) using 10 mg of plasmid pGFP.gpd DNA and 10 mg of pSceI-Hyg for co-transformation, or 15 mg of plasmid p-glu.GFP.hsp DNA for single plasmid transformation. GPD.GFP and -Glu.GFP transformants were selected on YMPDA medium amended with 0.8 M sucrose as an osmotic stabilizer and 50 mg/ml of hygromycin B as the selective agent. Individual colonies were isolated and transferred to fresh YMPDA/hygromycin plates. In cotransformation experiments, PCR analysis was used to confirm the presence of plasmid pGFP.gpd in hygromycin-resistant transformants. GFP-expressing transformants containing GFP fused with the U. maydis hsp70 promoter (hsp70-GFP) were prepared as described previously. 1) Ten individual clones, having integrated the hsp70-GFP construct, were randomly selected and used as controls.
Liquid culture of transformants. Liquid cultures of P. flocculosa transformants were undertaken at 25 C in enriched YMPD medium containing yeast extract (3 g/l), malt extract (3 g/l), peptone water (7.5 g/l), and dextrose (15 g/l). Precultures were prepared by growing the Pseudozyma strains for 7 d in enriched YMPD with or without 50 mg/ml of hygromycin with agitation (125 rpm).
Cultures were performed by inoculating the enriched YMPD medium with 5% (v/v) of the preculture. In flask culture, 100 ml of enriched YMPD were used in 500-ml glass flasks or 25 ml in 125-ml glass flasks, with agitation at 125 rpm. For culture in conical plastic tubes, 10 ml of enriched YMPD were used in 50-ml tubes with agitation (250 rpm). Hygromycin was added to the culture medium as indicated (0-50 mg/ml).
Western blot analysis of transformants. Samples were taken at different times for western blot analysis. For liquid culture, cells were harvested by centrifugation for 5 min at 5,000 g. For solid culture, three individual colonies of GFP transformants were recovered from the top of the medium using sterilized tweezers and transferred to a clean microtube. Cell protein extracts were prepared by adding one volume of loading buffer (50 mM Tris pH 6.8, 2.3% w/v SDS, 10% v/v glycerol, 5% v/v -mercaptoethanol) to cell pellets, and by heating at 68 C for 10 min. Two volumes of 2-mm acidwashed glass beads were added to the sample, and the mixture was submitted to six cycles of 1 min boiling and 1 min vortexing. The crude extract was centrifuged, and proteins in the supernatant were quantified by silver dot staining. 18) Cellular proteins and extracellular proteins were loaded on a 12% SDS-PAGE and transferred to a nitrocellulose membrane (Hybond, Amersham Bio-Sciences, Picataway, NJ). GFP was detected with an anti-GFP antibody (Roche, Molecular Biochemicals, Mannheim, Germany) at a dilution of 1/2,000. After incubation with the chemiluminescent HRP-substrate, the membrane was exposed to a BioMax MS film (Eastman-Kodak, Rochester, NY) and analyzed by densitometry measurements (Image Gauge 4.0, Fuji Film, Tokyo), and standardized with a commercial GFP control.
RNA analysis of transformants. Total RNA was prepared by the Trizol method (Invitrogen, San Diego, CA), as described by the manufacturer. Gel blot analyses were performed using standard methods. 19) A radioactive DNA probe was prepared by random priming using the Rediprime II kit (Amersham BioSciences, Arlington Heights, IL), following the instructions of the manufacturer. Blots were probed with a segment of GFP obtained by PCR amplification. The autoradiogram was analyzed by densitometry measurements with Image Gauge 4.0, and data were normalized using 18S rRNA as a control.
Solid-state culture of hsp70 transformants. Microcultures of the SG-343 strain were performed in 96-well microplates (Sarstedt, Newton, NC) filled with 300 ml minimal solid medium containing sucrose (38 g/l), NaNO 3 (19.4 g/l), K 2 HPO 4 (5 g/l), MgSO 4 (0.5 g/l), CaCl 2 (0.0755 g/l), FeSO 4 . 7H 2 O (0.0183 g/l), trace elements, and either 1 or 5 g/l of phytagel (Sigma Chemicals, St. Louis, MO). Each well was inoculated with 10 ml of a preculture of the SG-343 strain, and cultures were carried out at 25 C for 36 h. 
Results

Heterologous promoter analysis
To assess the suitability of two heterologous promoters from basidiomycetous fungi to drive heterologous expression in P. flocculosa, we prepared constructs in which the promoters were fused to the GFP coding sequence. Independent transformants were obtained showing different levels of expression of GFP, and these results were compared with those obtained using the U. maydis hsp70 promoter. After 32 h of culture, there was considerable variation in GFP concentration among the transformants, the pattern of variation being similar regardless of the promoter tested ( Fig. 1) . After 32 h, intracellular GFP concentrations were on average approximately 5-fold higher with the hsp70 promoter (4.4 mg/g protein) than with the GPD (0.8 mg/g) or the -glucosidase promoter (0.9 mg/g). At 32 h of culture, all transformants presented the mycelial growth morphology regardless of the promoter employed. After 72 h, the transformants reverted to the conidial morphology. At this time, the GFP levels in the GPD-GFP and -Glu-GFP transformants were generally similar to the ones observed in 32-h-old cultures, whereas they decreased considerably in all but one hsp70-GFP transformant, reaching values equivalent to that of the -Glu-GFP transformants. Overall, the transformants with the GPD-GFP construct showed the lowest expression, four of them producing no detectable levels of GFP (Fig. 1) .
GFP expression in different morphological forms of P. flocculosa using the hsp70 promoter P. flocculosa strain SG-343, selected for high GFP expression, was used to monitor GFP expression driven by the U. maydis hsp70 promoter in different morphological forms of P. flocculosa. GFP expression was assessed at the RNA and protein levels. After 24 h of flask culture in the absence of hygromycin, the fungus formed dispersed hyphae and mycelial clumps in enriched YMPD. Subsequently, the SG-343 cultures started forming budding cells (conidia) representing about 50% of the biomass after 48 h, and about 95% after 72 h. GFP protein concentration relative to the total extractable proteins was maximal in the mycelial culture, and then dramatically decreased as conidia appeared (Fig. 2) . GFP mRNA levels relative to 18S ribosomal RNA correlated well with protein levels (Fig. 2) , indicating that the hsp70 promoter was preferentially expressed when the fungus was in the mycelial form. The Pseudozyma strain SG-343 was grown in glass flasks containing 100 ml of YMPD. Hygromycin was added to the preculture at a concentration of 50 mg/ml. GFP expression was quantified at the protein and mRNA level, as described in ''Materials and Methods.'' Data represent the mean AE SD of three separate cultures.
Effect of hygromycin on hsp70-GFP expression
2 mg/g of total proteins (Fig. 3) . GFP levels were 2-fold higher in the presence of 5 mg/ml of hygromycin, and 4fold higher in the presence of 10 mg/ml of hygromycin. At 50 mg/ml of hygromycin, GFP levels increased 6-fold to represent 12 mg/g of total protein.
Hsp70-GFP expression and fluorescence on solid media cultures
Intracellular GFP concentrations of SG-343 cultures were determined by western blot analysis, 36 h after inoculation of 96-well microplates filled with solid minimal media. Expressed on the basis of total proteins, GFP accumulation was nearly 5-fold higher when the fungus was grown on 5 g/l of phytagel minimal medium than on 1 g/l of phytagel ( Fig. 4) . Direct fluorescence measurements were performed with solid microcultures of the SG-343 strain to verify the effect of phytagel concentration on GFP expression. Increasing the phytagel concentration from 1 to 5 g/l increased GFP fluorescence 4-fold.
Discussion
In this study, we sought to expand and understand the molecular basis of the potential of the little-known basidiomycetous yeast P. flocculosa to produce recombinant proteins. For this purpose, we compared the hsp70 promoter from U. maydis, the only known func- The SG-343 transformant was grown in 96-well microplate microcultures in minimal solid medium (1 or 5 g/l of phytagel) in the absence of hygromycin. , GFP levels after 36 h of culture. Western blot data are mean AE SD of three repetitions. , GFP fluorescence of the SG-343 transformant grown on solid culture with 1 and 5 g/l of phytagel. Fluorescence data were normalized to the OD 600 and represent the mean AE SD of five repetitions. tional heterologous promoter in Pseudozyma spp., with the GPD promoter from U. maydis and with theglucosidase promoter from P. tsukubaensis, using GFP as a reporter in P. flocculosa. There was considerable variation in GFP concentrations among the transformants, the pattern of variation being similar regardless of the promoter tested. Variability within transformants containing the same constructs is not uncommon in P. flocculosa, and has been determined to be a consequence of insertion loci and copy numbers. 3) Furthermore, the expression of GFP in these transformants has proved stable over a 24-month period of repeated subculturing on selective media (data not shown).
In this study, it was expected that the expression levels described with the hsp70 promoter 1) could be improved by using known, strong heterologous promoters. Surprisingly, the GPD promoter from U. maydis provided only low, often negligible GFP expression levels in P. flocculosa, even though this 590-bp region, encompassing an upstream region of GPD, had proven functional and superior to the hsp70 promoter in U. maydis. 20) The -glucosidase promoter from the closely related species P. tsukubaensis provided higher expression levels than the GPD promoter from U. maydis, but lower than the hsp70 promoter, especially when P. flocculosa cultures were in the exponential growth phase. It is particularly noteworthy that the GPD andglucosidase sequences behaved as constitutive promoters i.e., providing constant (although relatively low) expression levels regardless of morphological state. Conversely, GFP expression with the hsp70 promoter appeared to be linked to the morphological stage of the fungus. Indeed, the mycelial form of the fungus appears more appropriate for the hsp70 promoter in liquid cultures, since the activity of the promoter was stronger in the mycelial than in the conidial form.
Although the two heterologous promoters tested in this study did not improve GFP expression in P. flocculosa, this is the first report of heterologous promoters, other than hsp70, that allowed expression of a recombinant protein in P. flocculosa and that demonstrated a constitutive expression of a recombinant protein. Previous attempts with heterologous promoters from ascomycetous fungi have failed to yield any expression of a foreign gene. 3) This discovery of functional heterologous promoters, and the -glucosidase promoter in particular, provides additional molecular tools for the study and use of P. flocculosa and possibly other Pseudozyma spp., including antisense strategies and cell marker expression.
The present study also highlighted some important characteristics of the hsp70 promoter from U. maydis for recombinant protein applications in P. flocculosa. First, hygromycin (up to a concentration 50 mg/ml) unexpectedly increased GFP expression driven by the hsp70 promoter, without affecting the morphology of P. flocculosa after 24 h of culture. Hygromycin concentrations higher than 50 mg/ml were not tested since they are known to inhibit the growth of P. flocculosa. 3) The antibiotic might act indirectly on the hsp70 promoter, which is known to be stimulated by stress conditions in U. maydis. 21) Regardless of the mechanism involved, it appears possible to modulate and achieve a relatively high transgene expression level by adjusting the hygromycin concentration when using the hsp70 promoter for the expression of recombinant proteins in P. flocculosa. Secondly, the activity of the hsp70 promoter is favored by a high concentration of the jellifying agent (phytagel) in the solid culture conditions used in the selection of hygromycin-resistant clones. The solid minimal medium described, previously selected because it causes less interference with the measurement of GFP fluorescence, was optimized for hsp70 promoter expression. The concentration of phytagel might affect the humidity on the surface of the culture, and cells cultured with lower levels of jellifying agent are in an environment closer to liquid culture. Liquid culture in the same minimal medium showed lower GFP expression than solid medium culture as compared by western blot analysis (data not shown), which indicates lower hsp70 promoter activity in liquid culture. Sensitivity to culture conditions has been described for various genes from filamentous fungi, which are more highly expressed in solid-state cultures than in submerged cultures, including the implication of solid-state specific promoters such as the glaB promoter in Aspergillus oryzae. 22) In the solid culture conditions described, the high activity of the hsp70 promoter might greatly improve the number of obtainable transformants containing the selection cassette (hsp70 promoter/hph gene), allowing greater possibilities when screening for clones expressing high levels of the target protein. Additionally, the very low activity of the hsp70 promoter in liquid minimal medium culture in the absence of hygromycin is particularly useful when selection pressure is not required (i.e., in large-scale fermentation production). Overexpression of a target protein is very demanding for the biosynthetic apparatus of the host cell, and concomitant expression of a selectable marker gene during the production process represents unnecessary energy consumption that might affect the target protein yield or cell development.
Overall, both heterologous promoters of ustilaginale origin tested in this study were functional in P. flocculosa and can find application in transgene systems where constitutive expression of genes is necessary without the potential risk of TGS from the use of homologous promoters. Moreover, the hsp70 promoter sequence appears to be a perfectly suited molecular tool for a selection cassette based on hygromycin resistance, and should be employed as such in the production of recombinant proteins in P. flocculosa. We also optimized culture conditions in a 96-well plate that should be appropriate for the use of the hsp70 promoter in highthroughput screening of hygromycin-resistant transformants in P. flocculosa.
